because γ t+1 = φ t /(φ t + f t ) and 1 -γ t+1 = f t /(φ t + f t ). We quantified this proportional influence accordingly, 176 with values of γ < 0.5 indicating a greater influence of adult survival, while values > 0.5 indicate that 177 recruitment has a greater influence on λ TSM . We used a Bayesian MCMC procedure implemented in 178
Program MARK to generate posterior distributions of φ t γ t . For the model φ t γ t p (best structure), we 179 specified a hyper-distribution for all years of γ" [the best structure for p was modeled with an ordinal 180 dummy variable and was not time varying (see H3 above), hence p was not confounded with first and last 181 estimates of φ t or f t ]. We used the φ t λ t form of the Pradel explaining the observed estimates of population growth rate, we evaluated whether the size structure or 226 total biomass of bull trout changed during the study period and tested for the effects of density 227 dependence. We tested for annual differences in proportions of three common size classes sampled 228 routinely over the study period: subadult (150-300 mm TL), small adult (300-420 mm TL), and large 229 adult (>420 mm TL) as well as the total biomass (g·10 5 ). Because the proportion data were not normally 230 distributed, we used a Kruskal-Wallis test (Zar 1999) to evaluate whether the proportions in three size 231
classes varied from year to year. We estimated the total annual biomass of fish >150 mm in year i, as: 232
where p is the proportion of bull trout captured in size class j, Ñ is the population abundance based on 234 snorkel data described above, and W is the median fish weight. We then tested for a trend in total 235 biomass over time using linear regression. We used a repeated measures model to account for 236 autocorrelation among biomass measurements from year to year. We considered variance components, 237 compound symmetry, and autoregressive [ar(1)] covariance structures (Littell et al. 1996) . Variance 238 components, which specifies the same covariance through time, was the most appropriate covariance 239 structure (the ar(1) model did not converge properly). 240
To test hypotheses of potential density dependent effects on population regulation independently 241 from the TSM, we first considered the effects of total annual adult density on early life stages. 242
Abundance for fish >220 mm in each reach was estimated based on mark-recapture data (Otis et al. 1978; D r a f t 11 density as the mean density of all 21 sampled reaches. We then regressed total adult density on density 247 estimates of juveniles (<120mm) and total adult density on the number of redds, both with a time lag of 1 248 year (to test the hypothesis that adult abundance affected age-0 and age-1+), and with a time lag of 2 249 years (similar to a standard stock-recruit relationship). Notably, depending on where this population lies 250 relative to carrying capacity, these potential density affects could be positive (more adults equates to more 251 offspring) or negative (e.g., redd superimposition at high densities of spawning adults) (e.g., McNeil 252 1964; Paul et al. 2000) . 253
Second, to test for intra-annual density effects on the performance of different cohorts, we 254 regressed annual estimates of total population density on a mean body condition index based on fish 255 actively captured each year, for four size classes (<150 mm, 150-300 mm, 300-420 mm, >420 mm TL). (Table S1) . of adult bull trout varied from year to year (not shown), the proportional contribution of recruitment (1 -274 γ t ) was > 0.50 for six of nine years (Fig. 2a) . This pattern indicates recruitment (f), and not survival (φ), 275 explained more of the variation in population growth rates during most years of the study period (also 276 supported by the increasing trend in f in top models; Nichols and Hines 2002) . 277
Point estimates of λ TSMt for adult bull trout were <1 (i.e., declining population) for 6 of the 9 years 278 of this study and >1 (i.e., increasing population) for only three years (Fig. 2b) ; however, the confidence 279 period. Based on (∆ t ), there was a 50% probability the confidence interval was below 1 in six out of the 283 nine years (Fig. 3) . However, the probability of a decline of 30% or greater was very low (0.10), 284
suggesting it was unlikely that a large population decline had occurred (Supplemental Information - Table  285 S2). 286
Population growth rates based on abundance-and redd counts 287
Population growth rate was 0.96 (95% CI = 0.68-1.34) and 0.92 (95% CI = 0.77-1.11) based on 288 log-regressions of annual snorkel and redd counts, respectively (Table 1 ; Fig. 4 ; bottom panel). Estimated 289 λ t s from the state-space models applied to abundance and redd count data was 4-8% lower than for the 290 TSM (Table 1 ; Fig. 4 ). The annual λ t point estimates were the most variable for the abundance data and 291 redd data ( Fig. 4 ; top panel), which were described by high process variance over the entire time period 292 (Table 1) . There was particularly large variability in λ A , with a low estimate of 0.4 in 2007 and a high of 293 2.5 ( Fig. 4 ; top panel). These estimates were well outside the bounds of expected annual population 294 growth rates for a bull trout population. Although λ t estimates from the regression-based models differedD r a f t 13 considerably from the TSM in most years, the correlation between the two approaches that used data from 296 marked individuals, λ TSMt and λ A , was relatively high (r = 0.77), while the correlation between λ TSMt and 297 λ R was considerably lower (r = 0.39). 298
Size (age) structure and biomass 299
Results of the Kruskal-Wallis test indicated the proportion of marked fish in each size category 300 (150-300 mm, 300-350 mm, and >420 mm) was stable, with no significant difference across time (P = 301 0.880; Fig. 5a ). The sample was dominated by small fish: on average, 80% of fish were in the 150-300 m 302 size class, 12% were in the 300-420 mm size class, and only 7% were in the largest size class (>420 mm). 
Density dependent effects 309
We observed an apparent negative relationship between total fish density and the number or 310 redds, as well as density of the smaller fish (<150 mm) at all time lags; however, none of the relationships 311 tested were significant. We observed a negative and significant relationship between total adult density 312 D r a f t 14 of population change for a population of threatened bull trout in northeastern Oregon using three different 321 types of data and supporting analytical methods. The temporal symmetry model (TSM) was our primary 322 analysis of interest, a relatively underutilized mark-recapture model, which we applied to ten years of 323 consistently collected mark-recapture data. Relative to the two other estimates of population growth rate, 324 the most precise estimates were provided by the TSM and were close to λ =1; however, each of the status 325 metrics also suggested some potential for declining trends during the period of this study. The λ TSMt 326 confidence intervals were below 1 for all years of the time series, and λ TSMt was < 1 for most years. To 327 better understand what this uncertainty in population growth rate point estimates could mean from a 328 demographic standpoint, we evaluated the probability of the population declining by ≥ 50%, considered 329 the endangered threshold by IUCN standards (IUCN 2001), and by ≥ 30%, the threatened threshold. 330
Based on these criteria, there was only a 0.01 probability the population declined by ≥ 50% and a 0.10 331 probability it declined by ≥ 30% during the study period (see Supplemental Information). Collectively, 332
these results indicate two important findings. First, our weight-of-evidence approach demonstrated that 333 the overall population is relatively stable, a critical aspect in fishery management. However, this finding 334 should be taken with the caveat that there is some probability, albeit low, the population may be gradually 335 declining. Second, the abundance of large fish has decreased substantially such that the observed 336 population stability may be predominantly driven by an increase in the relative abundance of smaller 337
individuals (discussed further below). 338
Early evaluations of temporal symmetry models suggested that maintaining study area size and 339 effort would likely be some of the most important factors to control, because any increase or decrease in 340 initial capture effort (including study area size) could be interpreted as change in recruitment and thus 341 affect estimates of λ (Pradel 1996; Hines and Nichols 2002) . In contrast, however, the ability to 342 incorporate changes in effort or sampling effectiveness with testable hypotheses on recapture probability 343 ('p') highlights an additional strength of the TSM approach. Because we were aware of this potential 344
'effort' issue a priori, we were extremely careful to keep our study area and field methods exactly the 345 same across all the years of the time series. However, there were unsurprisingly some unavoidableD r a f t 15 changes within the study system that likely contributed to a decline in recapture rates: 1) antenna 347 detection efficiency varied in 2008 and subsequent years as a result of high spring discharge events, 2) the 348 number of endangered Chinook salmon spawning in the study area increased throughout the time series, 349 which decreased the total area available for sampling (i.e., salmon and redds had to be avoided), and 3) 350 throughout the lower half of the study area, the channel (and habitat) was altered by a large flood in 2008. 351
Using the TSM approach, we were able to account for these changes explicitly as a change in recapture 352 probability (p). Recapture probability was included in all top TSM models that emerged and thus was 353 unlikely to have influenced our estimates of λ TSM . 354
The majority of our top performing models from the TSM included an increasing trend in 355 recruitment (f) over time, which represents per-capita additions into the adult population (here > 300 mm; sturgeon, a long-lived fish with very late maturation, they demonstrated that survival contributed more to 368 λ than recruitment and concluded that even though the population growth rate was increasing, adult 369 harvest should be tightly restricted. These two studies demonstrate one of the unique strengths of the 370 TSM, in that it enables users to identify the vital rates that drive overall population growth rates and 371 allows researchers to link the population response to conservation actions. For this (herein) population ofD r a f t bull trout, management actions that increase the survival of large, mostly migratory adults, and 373 recruitment into this life stage, may provide the greatest increase in population growth rates. Large fish 374 contribute considerably more to recruitment though greater fecundity than do small adults (Bowermansystem and elsewhere, potential actions that increase recruitment of juveniles and survival of larger size 377 classes are almost all associated with water regulation and passage issues in the lower river. estimates was less than that of the other two estimates, perhaps reflecting a superior capacity to separate 386 process and sampling variance, since changes in capture probability (sampling variance) were explicitly 387 incorporated into the modeling process. Nonetheless, estimates of population growth rate based on 388 abundance data were consistent with results from the purportedly less biased TSM. Here, these two 389 approaches yielded estimates that were relatively close, with overlapping confidence intervals and 390 estimates of λ that were strongly correlated (0.77). This weight-of-evidence approach provided greater 391 confidence in our conclusions, and demonstrated that trend estimates based on abundance data were 392 informative, despite the considerable variance and potential biases discussed at length elsewhere (Dennis 393 fold increase in bull trout abundance, whereas the population in our study was stable. Our results suggest 451 the SFWWR bull trout population is currently in a density independent state. Even though this is 452 considered to be a relatively large population in contemporary terms, many current populations are likelysuch that successful rearing may now occur in a much smaller and colder portion of the watershed than 456 what was once used historically. Given the importance of recruitment in maintaining this population, 457 even modest expansions of the area of successful recruitment could have considerable positive impacts. 458
Challenges, lessons learned, and opportunities 459
Our study was carefully designed, covering a > 20 km of spawning and rearing habitat, with a 460 high degree of effort expended over a relatively long time period (10 years). Nonetheless, our study 461 design in combination with a complex mark-recapture modeling approach demonstrated some frustrating 462
limitations. In particular, we could not estimate independent population growth rates for different 463
The management questions of greatest importance should be carefully considered when designing 477 an extensive and expensive, multi-year mark-recapture study such as this (Al-Chokhachy et al.
2009). 478
For the TSM to achieve optimum performance, the ability to maintain a relatively high capture probability 479 (≥ 20%) and a near-constant, and well-documented sampling efficiency is imperative (Pradel 1992) . 480
Further, assessing the effectiveness of a management action for a long-lived animal will always require 481 long time series of data, because if the population is stabilizing, the time period to gauge response may of N-mixture models to estimate population size from spatially-replicated count data, a method that is 505 another potential avenue of future research. Although typically more costly than count data, the TSM 506 may be a uniquely useful approach where mark-recapture data are already being collected (e.g., many 507 fish, small mammal, and bird populations). In these situations, implementation may simply require small 508 changes to upfront study design or careful consideration during post-hoc analysis, and could yield 509 important insights into factors driving population abundance over time. 510
Despite some limitations, which are present in all population monitoring programs, the temporal 511 symmetry approach has many strengths and has been under-utilized for stream fishes. First, the TSM 512 provides information about population vital rates, which allows the modeler to investigate mechanistic 513 hypotheses (Pine et al. 2001 ) and can help inform management actions. For example, we observed that 514 currently, recruitment into the adult component of the SFWWR bull trout population is contributing more 515 to maintaining the population than survival; this type of information allows managers to focus on factors 516 that may be most limiting. Second, as demonstrated here, estimates of λ from the TSM model are 517 typically more precise than estimates of λ based on counts data (Thompson et al. 1998 ). Third, the TSM 518 has some advantages over an asymptotic λ from a projection matrix, because it does not rely on 519 assumptions about mean vital rates, stable age distributions, and stationary conditions (Nichols and Hines 520
2002; Franklin et al. 2004). 521
Conclusion 522 D r a f t 22 current 'stable' status should be viewed with caution, as any change in the incidence or distribution of 529 anthropogenic stressors could change that status rapidly and significantly. In addition, the evidence 530 suggesting the number of large migratory bull trout in the SFWWR is decreasing has critical population 531 and meta-population level implications, providing reason for conservation concern. Finally, we believe 532 the true value of the type of approach we used is not only the unbiased estimates of population growth 533 rate and recruitment, but also in the value of the additional and complimentary information that can be 534 
